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Abstract
Friction stir welding (FSW) is a promising welding process that can join age hardenable aluminium alloys with high joint efficiency. However,
the thermal cycles experienced by the material to be joined during FSW resulted in the deterioration of mechanical properties due to the coarsening
and dissolution of strengthening precipitates in the thermo-mechanical affected zone (TMAZ) and heat affected zone (HAZ). Under water friction
stir welding (UWFSW) is a variant of FSW process which can maintain low heat input as well as constant heat input along the weld line. The heat
conduction and dissipation during UWFSW controls the width of TMAZ and HAZ and also improves the joint properties. In this investigation, an
attempt has been made to evaluate the mechanical properties and microstructural characteristics of AA2519-T87 aluminium alloy joints made by
FSW and UWFSW processes. Finite element analysis has been used to estimate the temperature distribution and width of TMAZ region in both
the joints and the results have been compared with experimental results and subsequently correlated with mechanical properties.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
In recent days armour grade steels in the military vehicle is
replaced by lighter materials for better mobility [1,2]. Alu-
minium alloy AA2519-T87 is a potential candidate, to replace
steel in a few defence applications due to its high specific
strength. In addition, it has excellent tensile properties, fracture
toughness properties and ballistic immunity. Researchers con-
firmed that friction stir welding (FSW) can produce sound
joints in heat-treatable aluminium alloys [3–7]. However, the
thermal cycles exerted during FSW resulted in the reduction of
mechanical properties of the joints due to coarsening and dis-
solution of strengthening precipitates in the thermo mechani-
cally affected zone (TMAZ) and heat affected zone (HAZ) of
the joints [8,9].
In most of the age hardenable aluminium alloys, TMAZ and
HAZ are identified as the weak regions [10–13]. The strength of
the parent metal and weld joints of aluminium alloys depend on
the presence of the precipitates. The thermal conditions pre-
vailed during heating and cooling cycle of welding affect the
precipitation behaviour. In FSW, the heat generated in the stir
zone and heat conducted to TMAZ and HAZ causes the
precipitates to be either solutionized or coarsened. The loss of
precipitates during solutionizing and coarsening of precipitates
resulted in poor joint properties [14]. In addition, the high
thermal conductivity of aluminium creates variation in the
thermal gradient and heat build ups along the longitudinal
direction, especially in joining of thick plates. It results in
non-uniformity along the weld region. In order to overcome the
heat related problems created in TMAZ and HAZ and to
improve the strength of FSW joints, the heat should be dissi-
pated readily using a cooling method. The water cooling
method is more efficient than the other cooling method in terms
of uniform cooling and high heat transfer coefficient.
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Liu et al. carried out an investigation on under water friction
stir welding (UWFSW) ofAA2219-T6 aluminium alloy and the
investigation concluded that the UWFSW improved the
strength of the joint by restricting the coarsening and dissolu-
tion of strengthening precipitates [15]. Fu et al. also observed
the improvement in the tensile strength of the UWFSW joints
of AA7075 T87 aluminium alloy by reducing the width of
HAZ [16]. Fratini et al. simulated the temperature histories of
UWFSW process and finds that the water cooling resulted in
reduction of thermal flow adjacent to the tool [17]. Huijie et al.
developed mathematical modelling and optimization proce-
dures for underwater friction stir welding of a heat-treatable
aluminium alloy. The optimization result indicated that a
maximum tensile strength of 360 MPa can be obtained through
UWFSW, which is 6% higher than the maximum tensile
strength obtained in FSW [18]. From the literature it is under-
stood that the mechanical properties of the FSW joints could be
improved by the water cooling.
Studying the thermal histories of the weld joints is useful to
explore the fundamental aspects of UWFSW. In order to map
the temperature distribution and to predict the thermal histories
of welding processes, finite element (FE) method was used by
many researchers [19,20]. However, very few researchers have
carried out experimental investigation and finite element analy-
sis of UWFSW of aluminium alloys. Moreover, the previous
investigations were focused on the microstructural character-
ization, mechanical properties evaluation and FE analysis of the
conventional FSW process [21,22]. Very few publications are
available on the comparison of experimental and numerical
investigations of FSW and UWFSW of aluminium alloys.
Hence, this investigation was carried out to evaluate the
mechanical properties of FSW and UWFSW joints of high
strength, armour grade AA2519-T87 aluminium alloy. Finite
element analysis was also used to estimate temperature distri-
bution during FSW and UWFSW of AA2519-T87 aluminium
alloy. Further, width of the TMAZ region was estimated for
both the joints (FSW and UWFSW) by FE analysis and com-
pared with the experimental results.
2. Experimental work
Fig. 1 shows the experimental details employed for the fab-
rication of FSW and UWFSW joints. Fig. 1(a) shows the sche-
matic representation of the UWFSW process. The workpiece
was rigidly clamped on the backing plate in the tank. The water
is discharged into the tank through the inlet to the level above
the tool shoulder. During welding, the inlet and outlet valves are
adjusted to control the water flow in such a way to maintain the
temperature of water below 60 °C near to the welding location.
From the previous investigation, the author found that the taper
threaded tool was well suited for joining this material and so it
is used for this investigation [23]. The dimension of the tool is
shown in Fig. 1(b). The photographs of the FSW and UWFSW
setups are shown in Fig. 1(c) and 1d respectively. AA2519-T87
aluminium alloy was used as the parent metal. Joint configura-
tion of 150 × 150 × 19 mm was used in this investigation
(Fig. 1(e)). The chemical composition of the parent metal was
conformed using vacuum spectrometer and presented in
Table 1. The process parameters and the welding conditions
used for fabricating FSW and UWFSW joints are shown in the
Table 2. Tensile test was carried out using Instron made servo
hydraulic controlled universal testing machine. ASTM E8M-04
(Standard test methods for tension testing of metallic materials)
guidelines were followed for the extraction (Fig. 1(e)) and
testing of the tensile samples. The transverse tensile properties
such as yield strength, ultimate tensile strength and elongation
were evaluated from the tensile test. Vickers microhardness
Fig. 1. Experimental details (a) Schematic diagram of UWFSW process (b)
Tool dimensions (c) Photographs of FSW setup (d) Photographs of UWFSW
setup (e) Joint configuration and specimen extraction diagram.
Table 1
Chemical composition (wt %) of AA 2519 T87 aluminium alloy.
Al Cu Mg Mn Fe V Si Ti
93.32 5.71 0.47 0.27 0.1 0.05 0.04 0.02
Table 2
Process parameters and tool dimensions used in this investigation.
Process parameters Values
FSW UWFSW
Tool rotational speed/rpm 150 800
Welding speed/(mm·min−1) 7.5 10
Pin length/mm 18 18
Tool shoulder diameter/mm 30 30
Pin diameter/mm 12-6 12-6
Axial force/kN 12 14
Pin profile Taper threaded cylindrical
Tool material Hardened super high speed steel
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tester was used to measure the microhardness at the various
region of the weld joint with a load of 0.5 N and dwell time of
15 s. The sample preparations and the testing procedures for
the microindentation were followed as per the guidelines
from ASTM E384-99 standard (Standard Test Method for
Microindentation Hardness of Materials).
Microstructural examination was carried out using an
optical microscope. The specimens for metallographic exami-
nation were initially polished by rough emery and subsequently
polished using different grades of emery papers to get mirror
polish. The specimens were etched with modified Keller’s
reagent as per the ASTM E407 standard (Standard Practice for
Microetching Metals andAlloys). Transmission electron micro-
scope was used to characterize the microstructure of TMAZ and
HAZ. The samples of 3 mm diameter is extracted and polished
to 10 μm thick using ion milling process. Line intercept method
was employed to measure the average grain size of different
regions of the weld joint.
3. Finite element analysis
This paper presents three-dimensional thermal analysis
using the finite element (FE) code COMSOL. Dissimilar
meshed model of varying size and element types were used in
the FE analysis (Fig. 2). The meshed model composed of quad-
rilateral, triangular and square elements. The model is meshed
into 6821 finite elements. In order to reduce the computational
time and achieve accurate results, finer mesh was carried out
near the tool and coarser mesh was carried out for the region
away from the tool. The input parameters used for FE analysis
is tabulated in Table 3.
3.1. Thermal boundary condition
The heat generated during welding is lost due to three modes
of heat transfer which greatly reduce the availability of heat
required to weld the work piece. In welding, the heat is trans-
ferred by conduction, convection and radiation modes. The
governing differential equation for three dimensional heat con-
duction equations for a solid in Cartesian coordinate system is
given by [24]
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thermal diffusivity of the material, qg is the
heat generation per unit volume in W/m3, ρ is density of the
material in kg/m3, Cp is specific heat in J/kgK and k are thermal
conductivity W/mK.
Heat transfer from the work piece due to convection was
applied in the free surface. The corresponding heat flux expres-
sion for free surface is [25]
q h T T T Tup down up down amb, ,= − −( )+ −( )0 4 4εσ (2)
where hup and hdown are the convection coefficient of top and
bottom surface respectively, T0 is the reference temperature,
Tamb is the ambient temperature, σ is the Stefan–Boltzmann
constant and ε is the surface emissivity. The natural convection
between aluminium and air was experimentally found by Choa
et al. as 15 W/(m2 °C) for FSW [26]. Similarly Zhang et al.
found the heat transfer coefficient of UWFSW at top and
bottom as 2000 W/(m2 °C) and 1000 W/(m2 °C) respectively
[27]. Temperature based material properties were considered
for the finite element analysis. In this investigation, the thermal
model was considered for the analysis and the material flow
behaviour was not accounted. The degree of heterogeneity
between the advancing side (AS) and retreating side (RS)
mainly depends on the material flow and the microstructure
rather on the temperature distribution and hence symmetric
model was considered for the analysis. The mid-plane of
the butt joint was assumed to be a plane of symmetry in the
analysis. Zero displacement conditions were used for
constraining the butt joint which resembling the complete fixed
fixture.
3.2. Heat source modelling
The heat generated is concentrated locally and propagates
rapidly into subsequent regions of the plates by heat conduction
according to Eq. (1) as well as convection and radiation through
the boundary. Constant heat fluxes were applied as the heat
source in the tool shoulder-workpiece interface and tool pin-
workpiece interface.
Heat generation in shoulder-work piece interface is the func-
tion of major elements such as axial load, area subjected to
friction, coefficient of friction and angular velocity. The heat
flux can be mathematically expressed by Song and Kovacevic
[28]
q F Rnshoulder = × × × × ×2 π μ ω (3)
Fig. 2. 3-Dimensional meshed model.
Table 3
Input parameters used in FE analysis.
Parameter Notations FSW UWFSW
Ambient temperature/°C T0 30 30
Melting temperature/°C Tmelt 660 660
Heat transfer coefficient/(W·m−2 °C) [18] hupside 15 2000
Heat transfer coefficient/(W·m−2 °C) [19] hdownside 200 1000
Welding speed/(mm·min−1) uweld 7.5 10
Friction coefficient μ 0.3 0.3
Rotation speed/rpm ω 150 800
Normal force/kN Fn 12 14
Pin radius/mm rpin 12-6 12-6
Shoulder radius/mm rshoulder 30 30
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where Fn is the normal force (kN), As is the shoulder’s surface
area (mm2), μ is the friction coefficient, R is the distance from
the center axis of the tool (mm) and ω is the tool rotation speed
(rpm). The mathematical expression of heat generated at the
interface of pin and work piece is adapted from Colegrove [29]
q r Y Tp p=
× +( )
×( )× ( )μ
μ
ω
3 1 2
(4)
where μ is the friction coefficient, rp is the pin radius (mm), ω
is to the angular velocity (rad/s), and Y(T) is the average shear
stress of the material (N/mm2). The input parameter used for the
FEM simulation of FSW and UWFSW are presented in Table 3.
4. Results
4.1. Tensile properties
Fig. 3 shows the superimposed stress strain curves of FSW
and UWFSW joints. From the stress strain curves, the trans-
verse tensile properties like yield strength, tensile strength,
percentage of elongation and joint efficiency of FSW and
UWFSW joints were calculated and presented in Table 4. The
tensile strength was measured as 452 MPa for parent material,
271 MPa for UWFSW joint and 248 MPa for FSW joint. The
yield strength was measured as 427 MPa for parent material,
223 MPa for UWFSW joint and 198 MPa for FSW joint.
UWFSW joint exhibited higher tensile and yield strength than
FSW joint. However, both the joints showed lower strength
values than the parent material. The joint efficiency was calcu-
lated by finding the ratio of tensile strength of welded joint and
tensile strength of the unwelded parent metal. The UWFSW
joint yielded a higher joint efficiency of 60% and the FSW joint
exhibited lower joint efficiency of 55%. From the percentage of
elongation value, the degree of ductility of the weld joint can be
understood. The elongation was measured as 11.2% for parent
material and 4.56% for UWFSW joint.
4.2. Macro and microstructure
Fig. 4 shows the cross-sectional macrographs of FSW and
UWFSW joints. Defect free trapezoidal shape stir zone is
observed in FSW joint (Fig. 4(a)). Fig. 4(b) shows the
macrograph of UWFSW joint consisting defect free stir zone
characterized by large sized onion ring formation extended
from the mid thickness region (MTR) to the pin influenced
region (PIR). FSW joint reveals a wider TMAZ in both AS and
RS compared to UWFSW joint. The width of RS-TMAZ is
measured as 4.1 mm and 1.7 mm for FSW and UWFSW joints,
respectively. Fig. 5 shows the optical microstructure of parent
metal. It comprises of elongated grains of 49 μm (average grain
diameter) oriented towards the rolling direction. The stir zone is
classified as upper shoulder influenced region (SIR), middle
mid-thickness region (MTR) and lower pin influenced region
(PIR) and their respective optical micrographs are shown in
Fig. 6.All the three regions of stir zone reveal fine recrystallized
equi-axed grains in both the joints. The average grain size of
various regions are measured and presented in the Table 5. The
Fig. 3. Stress strain curves.
Table 4
Transverse tensile properties of parent metal and welded joints.
0.2% Yield
strength/
MPa
Tensile
strength/
MPa
Elongation in
50 mm gauge
length /%
Joint
efficiency/
%
Parent material 427 452 11.2 -
FSW 198 248 9.02 55
UWFSW 223 271 4.56 60
Fig. 4. (a) Macrostructure of FSW joint (b) Macrostructure of UWFSW joint.
Fig. 5. Optical micrograph of parent metal.
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grain size variation in all the three regions of stir zone is not so
significant in FSW joint (Fig. 6(a), (c) and (e)). But in UWFSW
joint, the grain size is larger in the SIR, relatively smaller in
MTR and very fine in PIR. Comparing the average grain size of
stir zone, UWFSW joint consists of marginally larger grains
than FSW joint.
Fig. 7 shows the micrographs of TMAZ and HAZ of advanc-
ing side (AS) and retreating side (RS). In TMAZ, the grains are
pulled upward towards the stir zone in both FSW and UWFSW
joints (Fig. 7(a)–(d)). But the grains are more lineated towards
stir zone in UWFSW than FSW joints. The extent of straining
of TMAZ is higher in UWFSW than FSW joint. Figs. 7(e) and
(f) show the HAZ micrographs in which FSW joint exhibit
slightly larger grains than the UWFSW joint. The average
grain size of HAZ is measured as 55 μm and 49 μm for FSW
and UWFSW joints respectively. The grain size of HAZ of
UWFSW is equal to the grain size of the parent metal.
The precipitation behaviour of TMAZ and HAZ are alone
analysed with the transmission electron microscopy (TEM).
Fig. 8 shows the TEM images of various regions of FSW and
UWFSW joints. Fig. 8(a) shows the TEM image of parent
metal, comparing needle like precipitates normally oriented to
each other. The precipitates are densely distributed and finer in
Fig. 6. Optical micrographs of stir zone at various locations (a) and (b) Shoul-
der influenced region (SIR) (c) and (d) Mid-thickness region (MTR) (e) and (f)
Pin influence region (PIR).
Table 5
Average grain size (μm) of various regions of welded joints.
Stir
zone
AS-TMAZ RS-TMAZ AS-HAZ RS-HAZ Base
material
FSW 3.95 33 56 55 55 49
UWFSW 4.5 38 54 49 49 49
Fig. 7. Optical micrographs of TMAZ and HAZ regions (a) and (b) Advancing
side TMAZ (c) and (d) Retreating side TMAZ (e) and (f) Advancing side HAZ
(g) and (h) Retreating side HAZ.
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size (of 50 nm in diameter). These Al-Cu alloys are strength-
ened by the presence of θ‘-CuAl2 precipitates [30–32].TMAZ
of FSW joint exhibits precipitate free zone (PFZ) and very few
coarsened precipitates of 500 nm in size (Fig. 8(b)). Similarly,
TMAZ of UWFSW joint exhibits precipitate free zone (PFZ)
and dislocation cell structures (Fig. 8(c)). The presence of dense
dislocation refers the extent of work hardening in the TMAZ. In
FSW joint, HAZ has undergone coarsening of precipitates and
reduction in the number of precipitates (Fig. 8(d)). Compared to
the parent metal, the precipitates in HAZ are transformed from
θ’ precipitates to large sized equilibrium θ precipitates of
200 nm in size. In UWFSW joint, the size and distribution of
precipitates are almost similar to the parent metal but very few
precipitates are coarsened. The XRD analysis was made to
identify the evolution of the precipitates during FSW and
UWFSW joints (Fig. 9). The Al and CuAl2 phases are observed
in the parent metal, FSW and UWFSW joints. The new phase
Al4Cu9 is observed in the FSW and UWFSW joints with sig-
nificant intensities.
4.3. Microhardness
Fig. 10 shows the microhardness plot for FSW and UWFSW
joints. The stir zone shows fluctuating hardness values ranging
from 108 HV to 131 HV in UWFSW joint. Similarly the hard-
ness values are varying from 108 HV to 120 HV in the stir zone
of FSW joint. A drop in hardness value is observed in the
TMAZ. In both joints the RS-TMAZ exhibit lower hardness
and therefore this region is termed as lower hardness distribu-
tion region (LHDR). The LHDR of FSW and UWFSW joints
exhibited lower hardness of 90 HV and 94 HV respectively. The
microhardness plots shows increasing trend from TMAZ to
HAZ. The increment in the hardness value is gradual from the
Fig. 8. Transmission electron micrographs of various regions of weld joints (a)
Parent metal (b) RS-TMAZ of FSW joint (c) RS-TMAZ of UWFSW joint (d)
RS-HAZ of FSW joint (e) RS-HAZ of UWFSW joint.
Fig. 9. XRD results.
Fig. 10. Microhardness plots of the joints (a) FSW joint (b) UWFSW joint.
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TMAZ to HAZ in FSW joint. But, an abrupt increment is
observed in UWFSW joint. The HAZ exhibit hardness values of
132 HV and 144 HV in FSW and UWFSW joints respectively.
The parent metal region recorded maximum hardness of
158 HV. The higher microhardness values are recorded in the
stir zone and HAZ of UWFSW joint than the FSW joint.
4.4. Fracture surface analysis
The fractograph of UWFSW joint shows fine populated
dimples with uniform size oriented towards the loading direc-
tion (Fig. 11). In contrast, FSW joint has both small and large
size dimples. The secondary cracks are observed inside the
dimples. From the fractographs, it could be inferred that both
the joints failed under ductile mode. The TMAZ near weld
periphery undergone high grain deformation, lower hardness
and fracture localization.
4.5. Finite element (FE) analysis
Fig. 12 illustrates the top surface temperature contours for
FSW and UWFSW joints. In FSW joint, the temperature dis-
tributed to the leading and trailing edge of the tool along the
longitudinal direction seemed to be asymmetrical. Symmetric
temperature distribution is observed along the longitudinal
direction for the UWFSW joint. Fig. 13 illustrates the thermal
contours in the cross-section of the weld. In FSW joint, the
temperature experienced by SIR, MTR and PIR are almost
same around 525 °C (Fig. 13(a)). But in UWFSW joint, there
exists a variation in SIR, MTR and PIR. Maximum temperature
of 545 °C is witnessed in the SIR and gradually reduced
towards PIR of 512 °C (Fig. 13(b)). This is clearly evident from
the colour contours which show intense blue colour in the SIR
and dull blue colour in the PIR. Similar to the longitudinal
temperature contour map, the isothermals of UWFSW joint
also remarkably move towards the tool axis in contrast to the
FSW joint. The entire stir zone of FSW experienced same
amount of heat. In UWFSW joint, the maximum temperature is
at the SIR and the temperature is decreasing towards the PIR.
TMAZ, the region next to stir zone exhibits band of temperature
values fluctuating around 400 °C as shown in light blue colour
contour. The material experienced heat in this region is softened
and deformed by the stirring action of tool. The FSW joint have
wider range of temperature values than the UWFSW. Fig. 13(c)
shows the temperature plot along the transverse direction. The
maximum temperature is not recorded at the weld center but it
is observed 25 mm away from the center line, the periphery of
shoulder-work piece interface region.
5. Discussion
5.1. Thermal analysis
During tool traverse, the leading edge of the tool gets con-
tacted with the cold zone which was generally referred as
preheat zone. The high yield strength of the cold zone offers
high resistance against the material flow. Due to tool rotation,
intense frictional heat was generated in the tool-work piece
contact area (Fig. 13). The cold zone or preheat zone conducts
the heat from the interface. In UWFSW process, the heat con-
ducted to preheat zone was readily dissipated by the convective
heat transfer of water. The temperature attained in the preheat
zone was too low for UWFSW joint than FSW joint. Therefore,
Fig. 11. Fractographs of the joints (a) FSW joint (b) UWFSW joint.
Fig. 12. Simulated temperature contour at top surface of the joints (a) FSW
joint (b) UWFSW joint.
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high yield stress was created which in turn results high heat flux
in the shoulder-work piece contact area. This was one of the
reasons for the higher heat flux created in the shoulder-work
piece contact area of UWFSW.
The material in the trailing edge of the tool experienced
gradual drop in the temperature. Because of thermal softening,
the material in the leading edge got dropped in yield strength
and got easily transported to the rear end. The plasticized mate-
rial offers poor friction between the tool and work piece and
therefore relatively low temperature is observed in the rear end.
As the tool traverses, cooling cycle takes place in the welded
region. Hence, low thermal gradient was observed at the rear
side of the tool in FSW joint. The isothermal was larger at the
rear and smaller at front of the tool. This was because of the
heat build-up behind the tool during tool traversing. But in
UWFSW process, the heat was readily dissipated by the water
and hence high thermal gradient was observed at the rear end.
Moreover, similar isothermals were observed at both the front
and rear end of the tool during UWFSW (Fig. 12).
The temperature of isothermals can be correlated with the
degree of thermal softening of the material. High temperature
isothermal results in high degree of thermal softening and vice-
versa. The isothermal was confined around the tool in UWFSW
joint but for FSW joint, widespread isothermal was noted.
Consequently thermal softening was also confined near the tool
in UWFSW joint and the extent of thermal softening is higher
for FSW joint. The softened band of material around the tool
gets deformed to form stir zone and TMAZ. Because of the
narrowed softening, the extent of region undergoing plastic
deformation was limited in UWFSW joint. So a narrow TMAZ
was formed in the UWFSW. All these facts are even more
clearly evident from the cross sectional temperature mapping
(Fig. 13).
From the literature it was identified that the TMAZ of alu-
minium alloys experiences the temperature range of around
400 °C [33]. The cross sectional thermal contour map in the
Fig. 13 shows the peak temperature attained in the various
region. FSW joint shows a wider TMAZ region and the tem-
perature range was around 400 °C. At this temperature, the
material gets softened and plasticized to form wider TMAZ.
But in UWFSW joint, only a narrowed region experiences the
same temperature. This was the main reason for achieving con-
stricted TMAZ in the water cooled-FSW joint. The adjacent
region was identified as HAZ region, which has peak tempera-
ture of around 300 °C. The temperature value was enough to
alter the grain size and precipitates in the material. In FSW
joint, a wider region experienced this temperature. But, the
same range of temperature values cannot be observed in the
contour map of UWFSW joint. Hence from the FEM results, it
could inferred that the temperature range affecting the micro-
structure in HAZ was controlled significantly due to the high
convection heat transfer nature of water.
5.2. Microstructure
Microstructural investigation shows the grain size variations
along different region. Comparing, the grain size in the SIR of
UWFSW joint is higher than the FSW joint. In UWFSW, the
higher tool rotation speed of 800 rpm results high friction force
between the tool shoulder and work piece interface. Hence, due
to the high intense frictional heat, the grains are large sized in
SIR. Nearly 80% of total heat is generated at the tool shoulder
and work piece interface. But in FSW joint, due to high thermal
conductivity the heat generated is evenly distributed over the
stir zone. The low tool travel speed of FSW process also allows
time to conduct the temperature over stir zone. Hence, the grain
size over SIR, MTR and PIR are similar in size. The rate of heat
transfer to the backing plate is minimal because it previously
experienced heat due to conduction. So heat is build up in the
PIR of FSW joint. In contrast, the backing plate experienced
minimal amount of heat in UWFSW. The high rate of heat
transfer to cold backing plate does not allow heat to build up in
PIR. So regardless of high temperature in SIR, PIR experiences
low temperature. Therefore, fine grains are formed in the PIR as
like FSW joint. Despite of the difference in temperature distri-
bution and grain size, the stir zone microstructure exhibit fine
equi-axed grains in the entire region due to the dynamic recrys-
tallization aided by the interaction effect of plastic deformation
and heat generation during FSW and UWFSW process.
According to the Hall Petch relationship, the finer grain size in
the stir zone exhibits higher hardness than the other. It is
Fig. 13. Temperature profiles (a) Cross sectional temperature contour of FSW
joint (b) Cross sectional temperature contour of UWFSW joint (c) Thermal
plots.
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interesting to observe that the peak temperature is noted in the
weld periphery and not in the weld center for both the joints.
This is because at the weld center the material experiences less
amount of tool rubbing than the region near to the periphery
region of shoulder.
5.3. Precipitation behaviour
The precipitation sequence of Al–Cu alloy is as follows:
supersaturated solid solution (SSSS) → Guinier–Preston zone
(GPZ) → θ”→ θ’ → θ (stable) [34]. In both FSW and UWFSW
process, the temperature attained in the stir zone was higher
than the solutionization temperature. Therefore the precipitates
get dissolved to form SSSS. From the precipitation sequence, it
is understood that after solutionization, GPZ was formed in the
aluminium matrix. During the cooling cycle of FSW and
UWFSW process, GPZ is formed in the stir zone following the
solutionization. The formation of GPZ cannot be observed in
TEM microstructures because it was few Angstrom in size.
Hence, it was difficult to differentiate GPZ from PFZ in the
TEM image.
From the thermal analysis, it can confirm that the heat avail-
able in the TMAZ was not sufficient to reprecipitate under both
cooling conditions. By the sequence of precipitation, it was
again confirmed that there was no possible formation of GPZ
and only solutionization occurred in the TMAZ irrespective of
the cooling medium. The dissolution of precipitations results in
solid solution strengthening of TMAZ. It was also observed that
the thermal cycles prevailed in FSW enables the diffusion of Cu
atom to form Cu rich Al4Cu9 phase in the weld joint. Moreover
the presence of dislocations in the TMAZ results in strain
hardening. From the OM, it was noticed that the TMAZ of
UWFSW underwent severe plastic deformation than the FSW
joint; therefore, more dense dislocations are observed (Fig. 8).
The HAZ region experiences the peak temperature of 200 °C
to 400 °C, which results in over aging. The coarsened of θ’
precipitates to θ precipitates confirms the over aging of HAZ.
Here, the heat conducted is insufficient to solutionize or
reprecipitate. In the HAZ of UWFSW joint, the transformation
from θ’ to θ precipitate was greatly reduced and the precipitate
distribution was more or less similar to the parent metal. This
indicates that the over aging was greatly limited due to water
cooling. The over aging of HAZ and the decrement in the
hardness was also reported by Zhang et al. [35].
The presence of θ’ precipitate was preferable for the better
mechanical properties. During loading, the dislocations move-
ment is hindered by the θ’ precipitate and thus the hardening of
material takes place. The stable θ precipitate do not create
sufficient strain misfit around the precipitate and also allows the
dislocations to bypass through during loading. Similarly, PFZ
deteriorates the mechanical properties because no precipitates
are available to hinder the dislocations. The PFZ are strength-
ened by solid solution strengthening because of dissolution of
solute particle in the matrix. However, the strengthening effect
is lower than the precipitation strengthening. In external water
cooling FSW process, the coarsening of precipitates and nar-
rowing of LHDR were limited and thereby results in superior
properties than the air cooled FSW joints.
5.4. Mechanical properties
The region of fracture can be correlated with the LHDR of
microhardness plot. In both the joints, the location of failure
was found to be exactly in the TMAZ-stir zone interface. From
this, it can infer that the extent of softening in LHDR of the
joint was a vital factor deciding the tensile properties. From the
TEM analysis, it can understand that the softening of TMAZ is
attributed to the presence of coarsened precipitates and precipi-
tate free zone (Fig. 8). However, the hardness of the LHDR of
UWFSW is higher because of the high extent of precipitate
hardening and strain hardening than the FSW joint. A similar
strengthening effect was previously reported by Liu et al. [36].
The lower hardness of HAZ of FSW joint was attributed to the
presence of high volume fraction of coarse θ’ precipitates. The
over aging of HAZ was greatly reduced in the UWFSW which
results in higher hardness than FSW joint. This was attributed to
the high cooling rate and the attainment of lower temperature in
the HAZ. During hardness indentation, the hardening precipi-
tates were not available in the TMAZ to limit the plastic defor-
mation. During tensile loading, the strain gets localized at the
softer TMAZ among the various regions of weld joint. Because
of the strain localization, both FSW and UWFSW joints exhibit
lower elongation than the parent metal (Table 2). Moreover,
absence of necking formation was seen due to the severe strain
localization. The SEM characterization of fracture surfaces
revealed dimples in both the UWFSW and FSW joints which
indicates that both the joints undergone ductile mode of failure.
However UWFSW joint exhibits fine dimples than FSW joint.
During tensile loading, the second phase precipitates act as
the nucleation sites for the voids formation. The voids were
coalesced to form the final fracture. Relatively less coarse and
high volume fraction of precipitates in the UWFSW joints
provides more nucleation sites than FSW joints and thereby fine
populated dimples were found.
6. Conclusions
The experimental and numerical investigation on underwater
friction stir welding (UWFSW) and friction stir welding
(FSW) of armour grade, high strengthAA2519-T87 aluminium
alloy was conducted and following important conclusions are
derived:
1) The peak temperature experienced by the UWFSW joint
is 547 °C which is higher compared to the peak tempera-
ture experienced by FSW joint. However, UWFSW joint
resulted in higher cooling rate and higher temperature
gradient than FSW joint due to severe and even heat
absorption capacity of the water cooling system.
2) The coarsening and dissolution of precipitates resulted in
TMAZ as the weaker zone. The thermal gradient along
the transverse and longitudinal axis of the joint is con-
trolled by the water cooling and thereby the weaker
TMAZ and HAZ are appreciably narrowed. Ultimately
reduction of width of weaker zone and reduction of over
aging of HAZ are the reasons for the marginal increase in
tensile properties.
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3) Among the various regions, RS-TMAZ exhibited lower
hardness of 90 HV and 94 HV in FSW and UWFSW
joints respectively. The difference in the microhardness
cannot be attributed with the grain size rather it is attrib-
uted to the presence of heterogeneous precipitates across
the weld joints.
4) Under water FSW joint exhibited higher tensile strength
of 271 MPa and higher joint efficiency of 60% than con-
ventional FSW joint. The controlling of thermal histories
and its subsequent effect on precipitation behaviour are
found to be the main reasons for the enhancement in the
strength of UWFSW joints.
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